The astrocyte represents the most abundant yet least understood cell type of the CNS. Here, we use a stringent experimental strategy to molecularly define the astrocyte lineage by integrating microarray datasets across several in vitro model systems of astrocyte differentiation, primary astrocyte cultures, and various astrocyterich CNS structures. The intersection of astrocyte data sets, coupled with the application of nonastrocytic exclusion filters, yielded many astrocyte-specific genes possessing strikingly varied patterns of regional CNS expression. Annotation of these astrocyte-specific genes provides direct molecular documentation of the diverse physiological roles of the astrocyte lineage. This global perspective in the normal brain also provides a framework for how astrocytes may participate in the pathogenesis of common neurological disorders like Alzheimer's disease, Parkinson's disease, stroke, epilepsy, and primary brain tumors.
T he vertebrate CNS is comprised of three predominant cell types (neurons, oligodendrocytes, and astrocytes) that are thought to arise from multipotent neural stem cells (NSCs). Recent studies (1, 2) have provided considerable insight into the development and diversity of neurons and the oligodendrocyte lineage. In contrast, there is a more limited molecular understanding of the development and diversity of the astrocyte lineage.
Historically, astrocytes have been viewed as a homogenous population of cells functioning to provide passive support by supply of essential substrates and removal of toxic metabolites. This perceived limited functional range of the astrocyte is not consistent with the emerging data that they may retain stem cell-like properties (3, 4) and modulate almost every facet of functional neural networks (5, 6) . For instance, astrocytes may express voltage-gated ion channels and neurotransmitter receptors that are coactivated at synapses and then participate in removing potentially toxic excitatory amino acids from synapses by high-affinity transporters (7) . Astrocyte involvement in neuron homeostasis may also extend to trophic support (8) , antioxidant functions, and production of critical substrates for neuron membrane synthesis. Dysregulation of these and other putative astrocyte functions have been variously implicated in the pathogenesis of numerous developmental, genetic, idiopathic, and acquired neurodegenerative diseases (9) .
To date, precise genetic analyses of the astrocyte in normal physiology and disease processes have been limited to in vitro studies by using specific glial differentiation model systems (10) (11) (12) . These important efforts have focused on specialized aspects of early glial differentiation and as such have yielded limited information on the diverse roles of astrocytes in normal brain. Thus, the challenge remains to develop a comprehensive molecular profile of the astrocyte lineage that reflects its apparent developmental complexity, its full range of physiological capacities, and its lineage heterogeneity.
In this study, we have defined the mature astrocyte on the molecular level through an exhaustive and integrated transcriptional analysis of many distinct astrocyte-rich cultures and CNS tissues by using standard and nonstandard bioinformatic approaches. These data sets were curated further through nonastrocytic subtractive filters. The resulting astrocyte-specific candidate genes were subjected to a rigorous RNA in situ hybridization (ISH) validation scheme that revealed distinctive regional patterns of expression. Results presented here serve to define this ubiquitous CNS lineage and to provide a molecular framework within which to explore more precisely its diverse roles in the normal brain and their increasingly recognized role in the pathogenesis of many common neurological disorders.
Methods
NSC and Astrocyte Culture Techniques. Primary NSCs were isolated from murine embryonic day (E)13.5 embryos as described (13) . Neurospheres were differentiated into astrocyte predominant cultures by exposure to the following: 10% FBS, ciliary neurotrophic factor (CNTF; 50 ng͞ml), bone morphogenetic protein 2 (BMP2; 50 ng͞ml) or pituitary adenylate cyclase-activating polypeptide (PACAP; 50 ng͞ml). Neuronal cultures were derived from E13.5 hippocampal primordia by previously described methods. Primary cortical astrocytes were isolated from 1-to 2-day-old neonates and prepared according to published methods (14) .
The transcriptional profile strategy for the identification of astrocyte-relevant transcripts exploited various primary and induced astrocyte culture systems, primary neuron cultures, NSCs, and regionally defined and developmentally staged CNS tissues, including E13.5 cortex, the corpus callosum (CC) isolated from postnatal day [(P)5 and P10] brain, and neocortical layers II-VI and subpial͞glial limitans (GL) of the 6-week-old adult brain. Total RNA was used to prepare in vitro-transcribed amplified probes and the hybridized to oligonucleotide microarrays (Affymetrix U74Av2) representing 12,488 probe sets representing 8,585 mouse genes.
Data Processing and Normalization. The CEL files are obtained by using Affymetrix MICROARRAY SUITE software. The DNA-Chip Analyzer (DCHIP, VERSION 1.3) is used to normalize all CEL files to the baseline arrays and compute the model-based expression (PM-only model) (15) . We normalized arrays only within tissue types by picking the baseline arrays for each tissue type. When calculating the model-based expression, constant array outliers within each of the six groups; 10% FBS, CNTF͞BMP2͞PACAP, hippocampal neurons, primary cortical astrocytes, the gray matter (GM) and the CC͞GL, were considered as a real biological effect.
Pooling the Replicates and Lower Bound Fold Change. We averaged replicate samples by considering model-based SEs of individual expression values by using a resampling method (15) . To identify the genes with large change between two groups of replicates, we use the parametric estimation of lower-bound fold change (LBFC) as the measure of change (16) . The selection criteria of selecting genes with an LBFC of Ն3 typically corresponds to a fold change of at least 5 in conventional gene expression assays such as quantitative PCR.
Selection of Genes That Contribute Most in Distinguishing the Astro-
cyte Culture Samples and NSC͞Early Embryo Brain Samples. A total of 2,061genes with large variation and high presence call (by DCHIP) were chosen, and R-SVM, software developed by W.H.W., is used to identify the genes contributing most in distinguishing two sample groups (17) . Unlike other gene-wise analysis, this algorithm finds a set of genes that work as a group in separating two sample groups by recursively building linear support vector machines (SVMs) (18) . To overcome possible overfitting, we performed the leave-one-out crossvalidation and the error rate was zero. Both the gene selection step and the SVM building step were included in crossvalidation.
Validation of Astrocyte Candidate Genes by ISH. Probes were scored for labeling efficacy, CNS expression, and brain region͞cell type distribution. Genes with a ''glial'' expression pattern across neural development [i.e., increasing expression from E13.5 to adult, expression in white matter (WM), the GL, and the subventricular zone (SVZ)] were in most cases easily separated from those with a neuronal-only type pattern (i.e., hippocampus and specific cortical layers) by anatomical assessment alone. Genes suspected to be ''astrocytic͞glial'' by anatomic criteria were stringently validated for cell type specificity by combining ISH with several lineage specific immunohistochemical markers, including glial fibrillary acidic protein (GFAP) (astrocytic), Olig2 (oligodendroglial), or NeuN (neuronal).
Supporting Information. Supporting Methods, Figs. 5 and 6, Tables 1-8, and CEL files can be found in supporting information, which is published on the PNAS web site.
Results

Reproducibility and Distinctiveness of Transcriptional Profiles.
In an effort to identify astrocyte-specific genes, we implemented a multilevel biological prioritization and filtering scheme based on the combined use of several in vitro astrocyte differentiation systems, isolated primary astrocytes from the perinatal brain, and various microdissected astrocyte-rich regions of the telencephalon (Fig. 6 ). The first series of experiments exploited the capacity of various agents (10% FBS, CNTF, BMP2, or PACAP; see Methods) to elicit a common astrocytic phenotype from NSCs, reasoning that comparative transcriptional profiles across these protocols should enrich for genes common to most astrocytes, regardless of isolation and induction procedures. Replicates within a given experimental modality or tissue type demonstrated a high degree of reproducibility (correlation coefficient 0.95-0.99) and when analyzed as groups, highlighted the distinctiveness of the astrocyte profile from the profiles of neurons, NSCs, and embryonic cortex (Fig. 5) . The reproducibility and fidelity of these microarray data sets serve to document the quality and purity of the samples used, thereby supporting their use in molecularly defining the astrocyte lineage.
Identification of Astrocyte Markers. To test our assumption that all astrocytes share a common transcriptional profile, we performed unsupervised hierarchical clustering (UHC) of all experimental samples (Fig. 1A ). This unbiased approach organized the experimental samples into two major groups, one consisting of multipotent NSCs and lineage-committed progenitors (NSCs, E13.5 neocortex, and hippocampal neuroblasts) and the other containing differentiated astrocytes. The remarkably similar expression profiles among the various in vitro-differentiated astrocytes and their tight association with the primary cortical astrocytes suggests that, despite the distinct signaling pathways engaged by the various agents used to drive commitment to the UHC analysis divides the experimental samples into two distinct groups that cluster on separate branches of the dendrogram. All of the astrocyte samples are together. The short vertical distance between the astrocyte samples in the dendrogram indicates statistical similarity between the cortical astrocyte samples and the various differentiated astrocytes. Similarly, the CC, WM, and GL cluster together, suggesting a common transcriptional signal. The NSC, the E13.5 cortex, and neuronal-lineage-committed cells cluster together. The expression level matrix is shown representing standardized values from Ϫ3 (blue, below the mean) to 3 (red, above the mean). The mean (0 value) is white. Rows correspond to different genes and the columns represent the various experimental samples. When we use all in vitro and in vivo experimental samples, UHC generates a large cluster of 393 genes (outlined in blue), which are strongly expressed among the in vitro astrocyte samples (indicated by blue bar). Although GFAP is among this group of astrocyte-associated genes, there is no obvious GFAP subcluster. (B) R-SVM, a class prediction tool, identified a subset of 85 genes, which contribute most to distinguishing astrocytes from undifferentiated or early lineage-committed cells. A majority (53%) of the astrocyte candidate genes were from only in vitro astrocyte experimental samples (indicated by black bar), and the remainder were differentially expressed both in cultured astrocytes and among the brain subregions (yellow bars). Regions of overlap indicate genes, which were differentially expressed in both experimental samples.
astrocyte lineage, they share a similar molecular profile. Similarly, the tight clustering of microdissected brain subregions, CC, GM, and GL, demonstrates a high degree of transcriptional relatedness that is presumably related in part to their astrocyterich composition. The lack of significant overlap among the in vitro and in vivo UHC clusters likely results from a combination of the cell type heterogeneity of the CNS tissues as well as culture-induced stimulation of astrocytes to assume a reactive rather than the resting state typical of astrocytes in the normal brain. Together, these findings support the use of the multiple sample types as a starting experimental approach for the identification of candidate astrocyte genes that are expressed in normal brain.
An in-depth bioinformatic search for astrocyte-specific genes comprised three different methods: (i) a biased search for genes with an expression pattern similar to the best known astrocyte marker, GFAP, (ii) an unbiased search by a class prediction tool, recursive-supervised machine (R-SVM) analysis, and (iii) an empirical threshold approach to identify a common set of genes among complementary data sets. In the GFAP cluster analysis, GFAP captured a group of 393 genes that were differentially expressed by all in vitro astrocyte samples (Fig. 1 A) . Whereas this cluster likely represents a potential source of novel astrocyte genes (see Table 2 for a complete list), it is notable that no clear GFAP subcluster emerged, and correspondingly, a random sampling of genes among the GFAP cluster revealed their limited expression in CNS astrocytes by RNA ISH (see below). Next, to avoid the bias of so-called signature genes, R-SVM analysis was used to identify genes that ''as a group'' (unlike genes found by other traditional two-group comparison methods) contribute most to distinguishing the two groups (17) . From a total of 2,005 genes, which show sufficient variation in expression over all samples, R-SVM identified a set of 85 genes that most significantly contribute to the astrocyte group (Fig. 1B) . The relative contribution of each gene in distinguishing astrocytes from the NSC and early lineage committed cells is presented in Table 3 . Strikingly, the gene that contributes most significantly is the main lipid transport protein in the CNS, apolipoprotein E (apoE) (8.8%), whereas the GFAP is ranked at number 22 (0.43%).
To capture a greater representation of the astrocyte transcriptome in a physiological context, empirical threshold studies were also conducted to compare the data sets of CC, GM, and GL with those derived from E13.5 cortex (a period of development preceding the emergence of astrocytes, ca. E17.5). The application of the expression criteria of more than three LBFCs relative to E13.5 cortex yielded 84 genes in the CC, 103 in the GM, and 100 in the GL. An intersection of these three gene lists generated a list of 47 ''common in vivo'' genes, which could represent candidate astrocyte genes because this cell type is common to these brain subregions. Of these 47 common in vivo genes, eight genes were differentially expressed (more than three LBFCs) among the ''common in vitro'' genes, which are defined as genes expressed in at least four of five in vitro astrocyte data sets (a complete list of the union of these genes is presented in Table 3 ). These data support our starting assumption that there may be qualitative and quantitative differences between the genes expressed by astrocytes maintained in cell culture and those found in the normal brain. It is also possible that this limited overlap reflects regionally restricted expression patterns of astrocytes in various brain microenvironments (i.e., only in the CC, GM, or GL). In an attempt to obtain a more complete view of potential molecular diversity of astrocytes in the adult brain, we performed a pairwise comparison of each CC, GM, and GL gene list and union of the four in vitro astrocyte data sets. These comparisons yielded 33, 29, and 23 genes for the CC, GM, and GL gene list, respectively (see Table 4 ).
These data serve to underscore that markedly distinct molecular profiles can emerge through the use of specific tissues, model systems, and experimental conditions and the application of specific bioinformatic methods, further justifying the comprehensive set of comparisons, bioinformatic approaches, model systems, and distinct astrocyte and nonastrocytic tissues and cell types.
Validation of Candidate Astrocyte-Specific Genes. We used a combination of ISH and lineage-specific immunohistochemical markers to assess the temporal and spatial patterns of a cross section of our candidate astrocyte-associated genes derived from various data sets.
An astrocyte candidate list derived from up-regulated genes after differentiation of NSC by exposure to serum (n ϭ 4 experiments), was a poor predictor of astrocyte genes. Of the 83 genes that were differentially expressed (more than three LBFCs) by exposure to 10% FBS, the top 19 genes were tested by ISH; of these genes, only two (GFAP and aquaporin 4) identified astrocytes in adult mouse brain ( Table 1 ). The ability to identify astrocytes by ISH improved moderately when genes were selected from among the large UHC of astrocyteassociated genes (the so-called GFAP cocluster, 19 of 37). The R-SVM approach proved to be most effective with 10 of 13 candidate genes identifying astrocytes, whereas the common in vivo and common in vitro lists identified 9 of 12 genes and 8 of 13 genes, respectively (see Table 1 for summary of results).
Notably, the validated astrocyte genes exhibit widely varying patterns of expression with only a small subset showing coexpression with GFAP, yet staining cells with unequivocal astrocyte morphology. Of the genes with a restricted expression pattern, three genes had a GFAP-like pattern with cells predominantly labeled in the WM, GL, and SVZ (aquaporin 4, brain glycogen phosphorylase, and brevican). Aquaporin 4 was predominantly expressed by astrocytes of the GL in the subpial and perivascular locations, as reported (19) , whereas five genes were prominently expressed in the SVZ and to a more limited extent in the adjacent GM (Id3, vascular cell adhesion molecule 1, N-myc down-regulated 2, integral membrane protein 1, and endothelial differentiation receptor 1). In addition, two genes labeled ependymal cells (diazepam-binding inhibitor and IL6 signal transducer); these genes were included here because ependymal cells label positively with GFAP and may arise from a common precursor. Many genes had a heterogeneous expression pattern, labeling scattered populations of cells in the GM, whereas five genes had a broad pattern of expression labeling cells in the SVZ, WM, and throughout the GM of the telencephalon; these genes included: clusterin, cystatin C, apoE, GST, and aldolase 3 (see Fig. 2 ; see also Table 5 , where all genes are listed).
Tight-Cluster Analysis of Candidate Astrocyte-Specific Genes. The collection of validated astrocyte genes makes possible an effective prospective bioinformatic identification of additional astrocyte genes and a more comprehensive molecular view of this lineage. To that end, we used a clustering algorithm capable of identifying genes that ''tightly cluster'' with validated genes (see Methods for details). A total of 2,061 genes with sufficient variability over samples were selected for tight-cluster analysis by using both in vitro and in vivo samples; 51% of the probe sets were assigned to the top 30 tightest clusters, of which four were identified by inclusion of six validated astrocyte genes (see Fig.  3A ). These tight clusters are remarkable for identifying differentially expressed genes in both the cultured astrocytes and normal brain, but not in NSCs, neurons, or embryonic brain. For the in vitro sample data sets, there were nine tight clusters, all of which contained one or more of our validated astrocyteassociated genes. Data presented in Fig. 3B show three representatives of nine tight clusters from the cultured astrocyte data set, each identified by several ISH-validated genes (a total of 16 in situ-validated genes among the nine tight clusters). Each tight cluster was dominated by a single, statistically significant (P Ͻ 0.01), functional gene ontology category (see below and Table  6 ). These results suggest that tight-cluster analysis is not only an efficient means of identifying cell-type-specific genes, it can also identify functionally related astrocyte genes, which reflect normal astrocyte functions.
Among the 46 GFAP coclustered genes identified by tightcluster algorithm (Fig. 3B) , which exclude genes with uncertain membership, five of seven genes tested by ISH proved to be astrocyte-specific (phospholipase A2 group 7, gap-junction channel protein 1-␣, aquaporin 4, vascular cell adhesion molecule 1, and brain glycogen phosphorylase). These results underscore that the tight-cluster tool represents an efficient means of identifying additional astrocyte markers. Furthermore, the performance of the tight-cluster results continues to improve as more candidate genes are validated by ISH and that information is used to refine the tight-clustering parameters.
Functional Annotation of Validated Astrocyte Genes and Tight-Cluster
Genes. Functional classification by the Gene Ontology database yielded many significant (see Methods) and distinct categories (see Table 6 ). Among them are categories consistent with known astrocyte function including genes encoding potent antioxidant activity (e.g., GST and peroxiredoxin 5), excitatory amino acid uptake (solute carrier 1), immune modulation͞chemotaxis (e.g., CXCR4 and CX3-C motif 1), microvascular regulation (PLAZG7, thrombospondin, and vascular cell adhesion molecule), and blood-brain barrier function (aquaporin 4). Of special note is a prominently represented category linked to lipid transport and metabolism (e.g., apoE, fatty acid-binding protein, and steroyl CoA desatutase-2), providing experimental evidence for the emerging concept that astrocytes play an obligatory role in cholesterol synthesis and transport to neurons.
Discussion
In this study, we used combinatorial analysis of microarray data from multiple in vitro and in vivo astrocyte samples along with relevant biological filters and bioinformatic approaches to identify astrocyte-specific genes that can be validated in vivo. This strategy resulted in a collection of genes with robust astrocyte-associated expression in the normal brain. Of significance, these astrocyte markers revealed surprising molecular heterogeneity among astrocytes in the normal adult brain that belies their functional range in CNS physiology. The regional and functional range is illustrated by identification of astrocyte subpopulations that are restricted to the SVZ, the presumed location of astrocytes that retain stem cell properties, and another population of astrocytes that are highly specialized and regulate water transport from the cerebrospinal fluid space into the brain parenchyma. Finally, these validated astrocyte-specific genes enabled the use of tight-cluster analysis that provided a revealing view of the astrocyte lineage and its functional heterogeneity in the normal brain.
The anatomically diverse expression patterns of the tightly clustered astrocyte genes raises the possibility that the molecular profile of astrocyte subgroups may reflect a physiological response related to a unique biological function or, alternatively, may represent lineage subsets encrypted by different developmental subroutines. With increasing evidence that neuronal-glial communication is critically important for local neuronal function, it is possible that astrocytes with a limited expression pattern reflect an adaptation to a restricted neurovascular environment, whereas those with a broad expression pattern serve some global function. A similar heterogeneous expression pattern is seen among glial specific genes recently identified by microarray analysis in Drosophila CNS (20) .
The molecular identification of astrocyte subtypes in the mammalian brain and their regional restriction will likely prove informative in understanding the pathophysiology of many of the major brain diseases that have been associated with astrocyte dysfunction but without a link to normal astrocyte biology. The body of evidence pointing to astrocytes having a seminal role in modulating primary and acquired neurodegenerative disease processes is substantial. The question that remains unresolved is the extent to which astrocytes play a causal and specific role in these diseases. What is clear from the identification of the various functional categories presented here is that astrocytes may impact on multiple levels in multistep disease processes. For example, the impact of astrocytes in late-onset Alzheimer's disease not associated with the apoE4 isoform mutation may be exerted through various mechanisms, as demonstrated by three broadly expressed genes that were among those most significantly contributing to the astrocyte transcriptome in our profiling studies. Cystatin C, clusterin, and apoE, representing extracellular proteases, protein chaperones, and the cholesterol shuttle, as well as the several genes associated with impaired excitatory amino acid transport and inflammatory immune modulators may be important in the pathogenesis of this disease (see functional categories in Table 6 ), each working through separate mechanisms (21) (22) (23) (24) (25) . Indeed, a recent study (22) has reported that transgenic mice, which develop Alzheimer's type pathology, have a dramatically accelerated and more severe clinical course if they are also deficient for both apoE and clusterin. An effective and systematic means to evaluate the postulated role of astrocytes would be to view them from a global perspective in disease progression.
Finally, many of the genes identified in this study have previously been implicated to play a modulatory role in neurodegenerative diseases, stroke, and epilepsy. For example, parkin, a ubiquitin ligase identified from the tight-cluster analysis is associated with early-onset Parkinson's disease. Although expressed in both neurons and astrocytes in culture, it is up-regulated only in astrocytes after cytotoxic stress (26) . Dysfunction of parkin in astrocytes may lead to nigrostriatal degeneration by loss of tropic support, free radical damage, and͞or release of cytokines by astrocytes (26) . A similar mechanism involving astrocytes may explain the lack of amyotrophic lateral sclerosis-like pathology when the SOD1 gene was targeted to motoneurons (27) . The postulated role of astrocytes in primary neuronal pathology is also supported by identification of Niemann Pick type C1 gene among the tight-cluster genes. This gene has previously been shown to exclusively label astrocytes (28) and is involved in a pediatric neurodegenerative disease by the same name. In stroke and epilepsy, astrocytes may protect neurons by their strong antioxidant mechanisms. One postulated unifying mechanism is the induction of phase II detoxifying enzymes, several of which were identified in this study including GST, peroxiredoxin, steroyl-CoA desaturase, and aldehyde dehydrogenase. Several of these enzymes may be activated by a common transcriptional factor, NF-E2-related factor (29) , a gene also identified from the tightcluster analysis. On the basis of these data, we suggest that this first, to our knowledge, comprehensive and specific view of the astrocyte transcriptome will provide an experimental framework to dissect the complex role of this highly diverse lineage in the normal and diseased brain.
